Introduction
The luminosity L of a storage ring determines the counting rate of a process if multiplied with the cross section of the process. The luminosity follows directly from the beam currents or number of particles and from the geometry of the intersection. For head-on collision it is f B N 2 (1) L b with f = revolution frequency, B = number of bunches per be°am, Nb = number of particles per bunch, 0x,z = standard deviation of the horizontal and vertical particle distribution, respectively.
The maximum luminosity is determined by three types of limitations: 1. Limitations of the beam currents, 2. limitations of the cross section, and 3. the blow-up of the beams due to the electromagnetic field of the colliding bunches.
The currents can be limited by single beam instabilities, by the available rf power and by the blow-up due to the beam-beam interaction. In the storage ring PETRA all three effects play a role. The currents are limited at low energies (below 11 GeV) by the beam-beam interaction, at medium energies by satellite resonances and at the highest energies (18 to 20 GeV in 1982) by the rf power.
The beam dimensions at the interaction point are determined by the emittances r;,z, which give the mean dimensions in the whole ring, and by the amplitude functions 1x,z, which give the local variation due to the focusing: (2) Computer simulations have revealed some important properties of the mechanism of the blow-up and the main parameters which play a role in this effect. Thus it was found that small machine imperfections are a main cause for a large blow-up. Also the working point plays an important role, and better working points were found as predicted by the simulations.
It should be mentioned that if the storage ring is operated at its optimum the luminosity is always limited by two effects at the same time. If, for instance, the currents are limited by the beam-beam interaction, the beam width can be enlarged so that the maximum currents and the luminosity become larger. The second limit is then given either by single beam instabilities or by the maximum beam width, i.e. by the aperture of the machine. If the currents are limited by single beam instabilities or the available rf power, the beam width can be reduced so that the second limit is given by the beam-beam interaction or by the smallest emittance which can be made.
Current limitations
The maximum bunch currents in PETRA which were ramped from 7 GeV, the injection energy, to higher energies and used for luminosity runs were 4x6.5 mA. 
Variation of the emittance
The horizontal emittance is given by quantum fluctuation and damping. The emission of a photon changes the amplitude of the betatron oscillation proportionally to the dispersion at that position. Thus changing the dispersion in the bending magnets by changing the focusing in the arcs yields a variation of the horizontal emittance. This must be done without changing the tune of the machine and without producing a dispersion in the straight sections which would excite satellite resonances and increase the blow-up. Under these conditions a variation of the horizontal emittance by a factor of 2 to 3 is obtained in PETRA. 
Mini beta insertion
The amplitude functions or betas in the interaction region are given by (4) Gx,z(s) = Bx9z + B-
where s is the distance from the symmetry point. The betas must not become too large in the quadrupoles nearest to the interaction point where they produce a large chromaticity, i.e. strong energy dependence of the betatron frequencies which must be compensated by sextupoles.
Initially the four interaction regions in PETRA had a free space of 2x7.5 m each. It was used by the detectors and, in three interaction regions, by compensating solenoids which compensated the solenoid fields of the detectors. After it was shown that PETRA could be operated without solenoid compensation the free space was reduced to 2x4.5 m. The three detectors with solenoids are now running without compensation. Their field polarity is chosen such that they partly compensate each other. The operation of the machine is not affected at higher energies, but at lower energies the performance is somewhat reduced due to the larger coupling of the horizontal and vertical betatron oscillations.
The horizontal and the vertical beta at the interaction point were reduced from 250 to 120 cm and from 15 to 8 cm, respectively8,9,10. The calculation gives an enlargement of the luminosity by a factor of 2. The first measurements gave nearly a factor of 3. The reason for the additional increase was a new align- If the equilibrium orbit of the machine passes off-axis through a quadrupole in which the dispersion does not vanish, the radiation losses in the quadrupole are different for particles with positive or negative energy deviation. This adds some damping or antidampinq to the synchrotron oscillation. If the equilibrium orbit is displaced in the same direction as the orbit of particles with positive energy deviation the synchrotron oscillation is damped since a positive energy deviation gives larger radiation losses. Therefore, a reduction of the accelerating frequency, i.e. a lengthening of the equilibrium orbit, increases the synchrotron damping, and an enlargement of the accelerating frequency decreases the synchrotron damping. Since the sum of the damping constants of the synchrotron and betatron oscillations cannot be changedl2 the betatron damping is changed with the opposite sign as the synchrotron damping. pole since the synchrotron damping is twice the betatron damping in a machine without synchrotron magnets. Maximum changes of beam width and bunch length by a factor of 2 to 3 are obtained. A change of the damping partition has the advantage that it can be done during a luminosity run so that the operating conditions can always be optimizedl3.
In simulating the beam-beam interaction on a digital computer, significant progress was made in 1980 14, 15, 16, 17 . Since that time, many simulations were done by several authors, and a better understanding of the mechanism of the blow-up was achieved. In the following the simulations for PETRA are briefly described.
The exact space charge forces of an opposing bunch with a Gaussian particle distribution were calculated for a two-dimensional grid of points and then interpolated quadratically for calculating the transverse kick of a particle at each passage. The longitudinal motion of the interaction point seen by a particle due to its synchrotron oscillation is always taken into account. Between the interaction points the horizontal and vertical betatron oscillation and the synchrotron oscillation are transformed linearly. The radiation damping is included. particles is observed over several damping times, i.e. over a large number of revolutions. Both cases, "weak-strong" and "strong-strong" were investigated.
As an example Fig. 2 Fig. 3 shows the influence of machine imperfections on the blow-up. To reduce the computer time these simulations were done only for the case "weak-strong', however, simulations of the case "strong-strong" have shownl8 that the dependence on the working point is very similar in both cases. The assumed phase asymmetries can be produced by the usually observed orbit displacements in the sextupoles, and the magnitude of the spurious dispersions is scaled from measurements of the dispersions in the straight sections outside the mini beta insertion.
In Fig. 3 three working points are shown. "A"l was the first working point for PETRA during the first two years. "B" and "C" were chosen because the computer simulations predicted a smaller blow-up. In "B" the eraction points machine was operated in 1981 at 7 and 11 GeV. The blow-up was indeed smaller than in "A". The working *ies. 
